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NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

INVESTIGATTION OF AFTERBURNER PERFORMANCE AND
AFTERBURNER FUEL. SYSTEM COKING OF THE
WESTINGHOUSE XJ34-WE-32 ENGINE

By Lewis E. Wellner and William R. Prince

SUMMARY

An investigation of the performance of the Westinghouse XJ34-WE-32

engine with afterburner operative was made in the altitude wind tunnel — e

at simulated altitudes from 10,000 to 40,000 feet and flight Mach num-
bers from 0.52 to 1.05. During the course of the performance work,
the fuel-injection holes in the afterburner. fuel manifold became
plugged because of coke or carbon deposits in the manifold. A4s a
result, a later study wes made of this coking problem in an attempt to
determine its effect on the afterburner performance. '

Changes in altitude and flight Mach number had the normal effects
on the afterburning performance paremeters; that is, increased pressure
in the afterburner rsised the combustion efficiency and lowered the
specific fuel consumption. Pesk combustion efficiencies of 95 and
60 percent were obtained at altitudes of 10,000 and 40,000 feet,
regpectively. However, reproducible afterburner performance is diffi-.
cult to obtain becasuse of the coke deposits in the injection holes of
the afterburner fuel manifold. TLosses in thrust up to 8 percent of
the total net thrust of the engine were obtained in z number of
instances when some of the fuel-manifold injection holes were plugged
with coke deposits. It was found that the formation of coking might
be eliminated by the complete purging of the afterburner fuel system
with air at the same instent the afterburner was shut off.

INTRODUCTION

As part of a comprehensive investigation of the Westinghouse |
XJ34-WE-32 engine, the performance of the engine with the production
afterburner opérative was investigated in the NACA Lewis altitude wind
tunnel. The XJ34, an experimental engine, consisted of a J34 turbojet
engine coupled to an afterburner which has a variable-area exhaust noz-
zle, a 3-ring varisble-flow fuel-injection system, a two-V flame holder,
end an internsl cooling liner. The engine-afterburner combinstion was
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controlled by means of an autometic electronic control. Several modifi-
cations, which are described in the section APPARATUS AND INSTRUMENTA-
TION, were made to the production XJ34-WE-32 afterburner.

Afterburner performance data were obtalned over a range of after-
burner fuel-air ratioc at constant turbine-outlet temperature for alti-
tudes from 10,000 to 40,000 feet and flight Mach numbers from 0.52 to
1.05. The variation of thrust augmentation, specific fuel consumptlon,
afterburner combustion efficiency, and exhesust-gas temperature with
afterburner fuel-air ratio is shown. In addition, the effect of alti-
tude and ram préssure ratio on the lean blow-out limits of the after-
burner were determined-

During the afterburner performance investlgation, difficulty was
encountered with "coke" or hard carbon deposits which plugged the fuel-
injection holes in the afterburner fuel maenifold. This plugging of
the fuel manifold resulted in sltered fuel distribution, which affected
afterburner performance. Adequate time to permit a thorough investl-
gation of the coking problem and its possible solution was unavailable;
however, data are presented herein to indicate the effect of the coke
deposits on the afterburner performence. These coking results there-
fore do not represent a comprehensive investigation of the problem but
rather give a presentation of the information obtained on the coking
characteristics of this particular afterburner geometry during the
performance calibration.

APPARATUS AND INSTRUMENTATTON
Installstion

The engine-afterburner combinstion was mounted on & wing section
that spanned the 20-foot-dlameter test section of the altitude wind
tunnel (fig. 1).

Engine -

The XJ34-WE-32 is an axlal-flow turbojet engine consisting of an
ll-stage compressor, a double annulasr combustor, a 2-stage turbine,
and an integral afterburner. The engine with afterburner lnoperative
has a static sea-level rating of 3370 pounds thrust at an engine speed
of 12,500 rpm end & maximum allowable turbine-inlet temperature of
1525° F. With afterburner opersting st full augmentation and basic
engine at reted thrust, the total rated sea-level static thrust is
4900 pounds. At this operating condition, the air flow is approxi-
mately 58 pounds per second.
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The engine is equlpped with an electronic control that, for the
afterburning case, varies exhaust-nozzle ares to maintain engine opera-
tion at a constant turbine-outlet temperature over a range of tail-pipe
fuel-air ratio. h

Afterburner

A cross-sectional sketch of the engine-afterburner assembly with
fleme holder and fuel system installed is shown in figure 2. The over-
all length of the assembly was 184 inches with a meximum afterburner
diesmeter of 27 inches and a total dry weight of 1558 pounds. The after-
burner, with a total length of approximately 89 inches (fig. 3), was
attached to the turbine-outlet flange and consisted of three basic
sections: diffuser, cowmbustion chamber, end exhsust nozzle. The 4if-
fuser section, which was 24 inches long, expanded from an annuler inlet
having an outer diameter of 21 inches to an outlet 25% inches in dism-
eter and hed sn outlet- to inlet-area ratio of approximately 2.5. The
cylindrical combustion chamber was gpproximstely 30 inches long with an
internsl dismeter of 25% inches. Fuel was Injected in an axial down-
gtream direction at the inlet of the combustion chamber through a three-
ring internal manifold having a total of 168 holes averaging 0.030 inch
in diameter (fig. 3). A 2-V annular-gutter-type flame holder
(area blockage, 35 percent) was mounted about 2 inches downstream of the
fuel maenifold. An internal cooling liner with approximately
1/2-inch radial space between the liner and the outer shell extended
the length of the combustion chember. The nozzle consisted of a con-
verging section with a half-cone-angle of approximstely 10° and a length
of approximaetely 35 inches. A varigble-area clam-shell-type nozzle was
attached to the end of the converging section of the afterburner. The
area varigtlion available with this nozzle Wwas between 160 and 300 square
inches. o ) |

The following modifications were made to the production afterburner
to facilitate testing in the altitude wind tunnel: (1) the afterburner
segment of the electronic control was disconnected; (2) the ejector
cooling shroud was removed; and (3) the variable-flow 3-ring fuel-
injection system was modified so thet fuel was injected at constant
pressure through ell three rings simultaneously. It is believed that
these modifications did not materially affect the performance calibra-
tion of the production burner for the range of afterburner fuel flows
investigated. ' '

Instrumentetion

Temperatﬁre and pressure measurements were obtalned at several sta-
tions in the engine and the afterburner as shown in figure 2. Engine
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alr flow (station .l) was calculated from measurements with survey rakes
mounted in the. inlet-alr duct attached to the inlet of the engine. A
complete pressure and temperasture survey was obtalned gt the turbine
outlet (station 5), and total and static pressures at the exhaust-
nozzle outlet (station 8) were measured with a water-cooled survey rake.
In order to obtain a correction to the scale thrust measurements, the
drag of the water-cooled rgke was determined by means of an air-balance
piston mechanism. All fuel flows were measured by calibrated rotameters.
The engine electronic comtrol had a separate indication of +the
turbine-outlet temperature by means of nine-parsllel thermocouple
probes, which Were immersed into the gas stream 3/4 of the annular pas-

sage height, 178 inches downstream of the turbine

Procedure

The afterburner was operated over a range of afterburner fuel flow

gt a flight Mach number of 0.52 for altitudes from 10,000 to 40,000 feet,

and. at f£flight Mach numbers from 0.52 to 1.05 at an sltitude of

40,000 feet. At each flight .condition, with the engine operating at
rated speed and maximum turbine-outlet temperature, the afterburner
fuel flow was varied from a minimum determined by lean blow-out to a *
meximum determined by a limitation of the exhaust-nozzle size.

Engine-inlet glr pressures corresponding to altitude flight con-
ditions were obtained by introducing dry refrigerated air from the tun-
nel make-up alr system through a duct to the engine inlet. This duct
was connected to the engine inlet. by means of a slip joint with a .
frictionless seal so that the thrust and drag could be measured by the
balance scales. Alr was supplied to the engine at NACA standard con-
ditlons, except that the minimum temperature obtained was gbout 0° F.
The air was throttled from aspproximstely sea-level pressure to the
desired total pressure at the engine inlet. Complete free-stream ram
pressure recovery was sssumed at each flight condltion in the calcula-
tion of flight Mach number.

Thrust measurements were obtained from the balance scales and from
8 pressure survey at the exhaust-nozzle outlet. The thrust values pre-
sented herein were obtalned from the balance-scale measurements. The
definition of net-thrust augmentation ratio is given in asppendix A.
Exhaust-ggs temperatures were based on thrust measurements from the
balance scales and pressure measurements at the exhaust-nozzle ocutlet.

Fuel used in the afterburner was MIL-F-5572 unleaded gasoline

heving a lower heating value of 19,000 Btu per pound and a hydrogen-
carbon rgtio of 0.186.

: M,
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Methods of calculating afterburner performsnce parameters are given
in eppendix A. .

RESULTS AND DISCUSSION

During the afterburner performance investigation, trouble was
encountered with "coke" or a hard carbon formation in the 3-ring fuel
menifold. This coking tended to plug up some of the injection holes
inside each of the manifold rings, but no remedy was found at this time.
The plugged orifices altered the fuel distribution and therefore hed an
effect on afterburner performence. A study was made of the coking prob-
lem &t the conclusion of the performence investigation in an sttempt to
determine the effect of the coke deposits on the performance and to
prevent the formaetion of coke in the fuel menifold. Inasmuch as the
coking problem modifies e11 the performsnce data, s diseussion of the
influence of coking on the afterburner characteristics precedes the
performance dats. )

Characteristics of fuel manifold coking. - During most of the after-
burner performance celibration, the stenderd cleaning procedure was to
remove the afterburner fuel manifold and to drill the coke formstion
out of each of the plugged fuel-injection holes before rumming sgain
with the manifold. However, near the end of the performance calibra-
tion, one of the manifolds was cut gpart and was found to contain car-
bon flekes. This finding led to the conclusion that the drilling out
of the injection holes was of little avail because the carbon Fflakes
inside the manifold probably replugged the holes soon after fuel was
run through the msnifold.

Date indicsting the extent of coking that was obtained during some
of the performance calibraetion with all three fuel rings in operation
gre shown in the following teble:

Coking | Data | Afterburner Condition of fuel
run points running manifold after running,
time percent of ‘orifices
(br) . plugged
Outer | Middle | Inner
1 24 1.8 0.0 0.0 94.0
2 39 2.7 100.0 .0 84.0
3 10 .7 100.0| .0 100.0
4 15 1.0 .0 .0 17.0
5 27 1.6 .0 .0 .0
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The fuel menifold used in runs 1 to 4 had been used previously dur-
ing the afterburner calibration. Prior to..each run the plugged fuel-
injection holes were opened by drilling out the carbon formations.
Although the fuel system was purged with air after each afterburner _
shutdown, there was some time lag between the shutdown and the purging.
For run 5, for which & new fuel manifold was used, purging with sbout
25 pounds per square inch air was performed simultaneously with the
afterburner shutdown.

It should be noted that the middle ring was free of coke deposits
after each run, but that either the ocuter or inner fuel-masnifold ring
had some of the injection.holes plugged after each of the runs except
5. The coking of the outer and inner fuel rings may have resulted
from heat radiation from the annular flame-holder.gubtters which were
very close to these rings, ss shown in figure 3. Run 5 differed from
the other runs in that the purging of the afterburner fuel lines with
high-pressure air was performed simultaneously at every afterburner
shutdown. From the date 1n the preceding table, it appears that if the
purging operation with air is started at the same instent that the
afterburner fuel 1s shut off, coke formation in the afterburner fuel
system may be. prevented. :

Influence of fuel distribution on performance. - The afterburner
was opersated with different fuel-manifold-ring combinations to ascertain
the effect on. afterburner performaence of plugged holes in the after-

burner fuel manifold. A plot of engine net thrust as g function of totéln

fuel flow is prefented in figure 4(a) As previously stated, the
turbine-outlet conditions were held constant by variastions in exhsust-
nozzle area; therefore changes in net thrust are indicative of changes
In combustion efficilency for a glven total fuel flow. For this com-~
parison (run 5 in preceding table), coke formation was prevented by
the insteantaneous purging with air during every shutdown of the after-
burner. Using the ouber ring and then the inner ring of the afterburner
fuel-injection manifold separately resulted in maximum net thrusts of
ebout 1000 and 950 pounds, respectively, at relatively low total fuel
flows. Operstion with but one fuel ring resulted in poor fuel distri-
bution end indicated that reasonsgble thrusts can be obtained only at
low fuel flows. For higher thrust, more uniform fuel distribution
would be needed at high fuel flows. With a1l three of the manifold _.
rings in operation, a net thrust of about 1100 pounds was obtalned at a
fuel flow of 4000 pounds per hour. Howeve?, the fuel distribution was
improved even more by the elimination of the middle ring; a net thrust
of 1160 pounds was obtained at a fuel flow of 4800 pounds per hour.
This comperison of thruste with various ring combinstions is evidence
that the fuel-ailr distribution in the afterburner has an important
effect on the thrust. A more detalled discussion of the effect of fuel
distribution on afterburner performance is glven in reference 1.
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A comparison of 3-ring operatlon with and without coking in the
fuel manifold is shown in figure 4(b). The thrust obtained with the
clean menifold is sbout 8 percemt higher than that with the "coked"
manifold for the range of fuel flow shown. These data were obtained at
an gltitude of 40,000 feet and a flight Mach number of 0.52.

Comparison of performence cglibrgtion with "coked-masnifold" data. -
The data obtained during the performance calibration of the afterburner
hed en unknown degree of. coking. These data are compared with the data
obtained during run 2 of the coking study, which had coke deposits in
the injection holes of both the inner and outer manifold rings (fig. 5).
The date interplots for the four flight conditions shown, indiceting
the probsbility that there was some coking present in the fuel manifold
for all the afterburner performance celibration data.

As g result, it would probably be possible to obtain somewhat higher
thrusts and exhaust temperatures than are shown in the succeeding per-
formance curves; however, the effects of changes in flight conditions
on the trends in afterburner performasnce parameters subsequently shown
are believed wvalid.

Performance Characteristics

Afterburner inlet conditions.‘'- The conditlon of the engine exhaust
gases entering the afterburner was held ressongbly constant for a given
flight condition. By varylng the exhasust-nozzle ares it was possible
to obtain data over a wide range of afterburner fuel-air retio with a
maximum variation in turbine-outlet tempersture of spproximetely 100° F
(fig. 6(a)). The 100° temperature veriation at the turbine outlet was
due primerily to differences in the temperature distribution in the
Plane of the engine control thermocouples. For instance, a turbine-
outlet tempersture of sbout 1740° R was obtained at both 10,000 and
25,000 feet, whereas & temperature of 1665° R was obtained st an alti-
tude of 40,000 feet (fig. 6(a)). The average velocity of the gases

3%’inches upstreem of the fleme holder was gbout 480 feet per second
for all conditions.

In addition to the deviation in turbine-outlet tempersture at
40,000 feet (flight Mach number, O. 52), the compressor-inlet tempera-~
ture was about 40° ebove NACA standard altitude conditioms. IF the
engine-inlet and turbine-outlet temperatures were correct, the tempera-
ture ratio across the engine would have been sbout 4.2 instead of 3.6,
as it was at this £light condition. The increased engine temperature
rgtio would result in a turbine-outlet pressure gbout 12 percent higher
then was obtained. However, because the increase in turbine-outlet
pressure between 40,000 and 25,000 feet is 113 percent, the 12-percent




s e Fril NACA RM E51H28

L4

error in turbine-outlet pressure at the high altitude would have only

a secondary effect on-the altitude trends shown. An increase 1ln turbine-
outlet pressure would tend to improve the combustion efficiency and the
specific fuel consumption, but would have little effect on the thrust
augmentation ratio because both the normal engine and the afterburner ’
thrust would be incressed slightly. - = - -

Effect of altitude and flight Mach number. - Turbine-outlet tem- .
perature, combustion efficlency, exhaust-gas temperature, thrust aug-
- mentetion ratio, &nd specific fuel consumption are shown as functlons
of afterburner fuel-sir ratio in figure 6 for three altitudes at con-
stant flight Mach number and in figure 7, for three flight Mach numbers
at constant altitude.

Increasing the sltitude from 10,000 to 40,000 feet lowered the
maximum obtsinsble afterburner combustion efficiency from 0.95 to 0.60°
at exhaust-gas temperatures of 3000° and 2900° R, respectively
(fig. 6(b)). In addition, the same change in altltude ralsed the after-
burner fuel-glr ratilio required for a given exhaust-gas temperature or
thrust augmentation retio (figs. 6(c) and 6(d)). The exhaust-nozzle
area was too small to obtain maximum thrust. at 10,000 feet, as evidenced
by the fact that the thrust augmentation curve is still increasing at
the highest afterburner fuel-air ratio. -

For most afterburner fuel-air ratios, increasling the ram pressure
ratio (fig. 7), which resulted in higher afterburner pressures,
increased the afterburner combustion efflclency, lowered the specific
fuel consumption, and increased exhaust-gas temperature and thrust aug-
mentation ratioc. The change in both combustion efficlency and specific
fuel consumption with altitude and flight Mach number at a given
exhsust-gas tempersture correlates with the_change in turbine-outlet
pressure; that is, the improvement in combustion.efficiency and spe-
cific fuel consumption with an increase in flight speed or a decrease
in altitude is simply a function of the change in turbine- outlet

pressure.

By croes plotting the curves in flgures 6 and 7, the variation of
combustion efficiency, thrust asugmentation ratio, and specific fuel
consumption with altitude and flight Mach number was obtained at con-
stant exhaust-gas temperstures (figs. 8 and 9). For a given alti-.
tude, changes in exhaust temperature hasd little effect on the after-
burner combustion efficiency (fig. 8 (a)). It should be noted that
exhsust-gas temperature changes had no effect on the pressure in the
afterburner (disregarding the momentum pressure loss) because ‘the
turbine-outlet conditions were maintalned constant by verylng the
exhaust-nozzle arda. However, both the net-thrust augmentation ratio
and specific fuel consumption increased considergbly as the exhaust-
gas tempersture was raised. (figs. 8(b) and (c)). The net thrust

ALY e THED
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increase results from the increase 1n exhasust-gas veloecity; the spe-
cific fuel consumption increases because a larger percentage of the
total fuel flow is burned in the afterburner where the cycle efficiency
is relatively low. The thrust augmentation curves increase with flight
Mach number st constant exhaust-gas temperature (fig. 9(b)). This
increase results from the increasse in the inlet momentum term (as
£light Mach number is increased), which. is subtracted from the Jjet
thrust of both the normal and sugmented engines (see thrust equations
in sppendix A).

As previously mentioned, the effects of varlable fuel distribution
associgted wilth coking deposits in the fuel manifold decreased the net
thrust as much as 8 percent; however, the effects of changes in flight
conditions on the magnitude of the trends of the performance parameters
are believed to be wvalid.

Operationsl Characteristics

Afterburner pressure losses. - The total-pressure loss in the
afterburner (summstion of friction and momentum pressure loss) is
plotted as & function of exhaust-ges temperature for several altitudes
and flight Mach numbers in figure 10. Afterburner total-pressure
losses between 5 and 6 percent were obtained without afterburning
(exhaust-gas temperature about 1700° R); increasing the exhaust tem-

perature to 3200° R ralsed the total-pressure loss about_B% percentage

points. This increased pressure loss is a result of the momentum pres-
sure loss due to the addition of heat. The difference in the friction
pressure loss for verious flight conditions is a result of slight dif-
ferences in the Mach number at the entrance to the afterburner.

Afterburner ignition and blow-out. - Ignition of the afterburner
was accomplished by injecting an extra portion of fuel in the engine
combustion chamber, which resulted in a flash of flame through the tur-
bine and into the afterburner. This system worked very well for all
flight conditions except the low flight speeds gt high altitudes. For
instance, at 40,000 feet a flight Mach number of about 0.5 was required
before the afterburner could be lgnited.

The effect of flight speed and altitude on the opereble afterburner
fuel-air-ratio range ig shown in figure 11. Decreased sfterburner pres-
sure (which corresponds to an increase in altitude or a decrease in
flight Mach number) resulted in lean blow-out occurring at higher after-
burner fuel-air ratios. Afterburner blow-out due to excessively high
fuel-air ratios was not obtained. The blow-out, shown in terms of
eltitude and flight speed, correlates with turbine-outlet pressure; that
is, the data fall on & single curve when plotted against turbine-outlet

presgsure. ‘i;.s ey
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SUMMARY OF RESULTS

An investigatioﬁ of the Westinghouse XJ34-WE-32 engine with the
production afterburner in the sltitude wind tunnel ylelded the fol-
lowing results:

: 1. Reproducible afterburner performance was difficult to obtain
because of "coking" or carbon deposits in the injection holes of the
production fuel manifold in the afterburner. At an altitude of
40,000 feet, a thrust difference of 8 percent was obtalned between a
clean and a coked. fuel -manifold.

2. For the limited running time of this investigation, no coking
deposits were formed in the fuel manifold when.the afterburner fuel
system was purged with high—pressure alr at the same time the after-
burner was shut off.

3. At a Mach number of 0.52 and an altitude of 40,000 feet, higher
thrust could be obtained at a given total fuel flow by blocking out
the middle ring of the 3-ring fuel-injection manifold.

4. Changes in altitude and flight Mach nunber had the normal
effects on the afterburning performence perameters; that is, increased
pressure in the afterburner raised the combustion efficiency and
lowered the specific fuel consumption. Although reasonsble combustion
efficlencies were obtained at lO 000 feet (maximum ebout 95 percent at
an exhaust temperature of 3000° R), the exhaust-nozzle area was too
small to obtain maximum thrust. At an altitude of 40,000 feet, the

peek combustion efficilency was- 60 percent at an exhaust temperature
of 2900° R

5. Ignition of the afterburner was accomplished by injecting an
extra portion of fuel into the engine combustion chamber, which resulted
in & flash of fleme through the turblne and into the afterburner. This
system worked at all flight conditions except low alxr speeds at the
higher altitudes.

Lewis Flight Propulslon Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio : .. N L IT e -
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METHODS OF CALCULATION

Temperatures. - Static tempergtures were determined from indicated
temperatures with the following relation:

Ti_“
-1

1+ 0.85 (%) LY

t = (1)

where 0.85 1s the impact recovery factor for the type of thermocouple
used. Totel temperature was cslculated by the adisbatic relation
between temperstures and pressures. (The symbols are defined in
gppendix B.) :

Flight Mach number. - Flight Mach number was calculated from ram
pressure retio by the following equation assuming complete pressure
recovery at the engine inlet:

r-1 ’
2 1.ﬁF-
Yo \[yT (;5) -1 (2)

Alrspeed. -~ The equivalent sirspeed was calculated using the
equetion ’

Vo = My\[reRTy (ﬁ—i) (3)

Alr flow. - Alr flow was determined from pressure and temperature
measurements in the engine-inlet sir duet by the equation

Tl-l

L&1
2r18 <P1>
W, = A —— - 4

PN e
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Gas flow. - The total welght flow through the engine and afterburner
was calculated as follows: ) ' . o

ine) Wy = W e
(Englne) Wgg = Wo; + 3555
) (5)
. Wf. +Wf )
(Afterburner) W, = Wg_ + g_,i____ég_
s 1 3600 y,

Afterburner fuel-alr rstio. - The afterburner fuel-air ratio is
defined as the ratio of the welght flow of fuel injected into the after-
burner to the weight flow of unburned air entering the afterburner from
the engine. Weight flow of unburned air was determined by assuming the
fuel injected into the engine combustor was completely burned therein. -
The fuel-alr ratio is .

W
fdb
(f/a)a'b = Wf (6)
. e
3600 Wg, - <o.oes>

where 0.068 1s the stoilichiometric fuel-air retio for the engine fuel.

Combustion efficiency. - Afterburner combustion efficlency was
obtained by dividing the enthalpy rise through the afterburner by the
product of the afterburner fuel flow and the lower heating value of the
afterburner fuél, disregarding dissoclation of the exhaust gas:

3600 Wy AHgy, -
Mgy = W ho
a
Tg Tg B R
5600 Wal Hg + er er + Wfab Hfab - Mg er hce
T, T Ty,

= (7)

W. h + W h - W. h
Tab “Cap fe “Ce Tog *£o g

The enthalpy of the products of combustion was determined from a chart
using the hydrogen-carbon ratlo end tempersture as explained in ) _
reference. 2.

622
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Augmented thrust. - The jet thrust of the installstion was deter-
mined from the balance-scale measurements by the following equation:

W

a1 Vl . ‘
Fj =B +D+ D+ —L-=+ Ag(p) - Bg) (8)

8

The last two terms of this expression represent the momentum and pres-
sure Pforces on the instelletion at the slip Joint in the inlet-air duct.
The external drag of the installation was determined with the engine
inoperative. Drag of the water-cooled exhaust-nozzle survey rake was
nmeasured by an alr-balance piston mechanism.

Scale net thrust was obtained by subtracting the equivalent free-
stream momentum of the inlet alr from the scale jet thrust:

Wo. Voo )

alo
F_.+'=F. - — 9
s s g | ®

Velocity coefficient. - The velocity coefficient, determined from
tests with the afterburner inopersative, 1s defined as the ratio of
scale jet thrust to rake jet thrust,

Reke Jet thrust FJB is given by the following equation based on

exhaust-nozzie-outlet total pressure and temperature using the charts
presented in reference 3: )

W
&g
Fjs == Vo + A.(Pp - ) (10)

Normal engine thrust. - Normel engine thrust is the theoretical
thrust that would be obtained with the engine and a standard-engine
tail pipe equipped with & nozzle of a silze thet gives the same turbine-
outlet pressures and temperatures as were encountered with afterburning
under the same flight conditions. The normal thrust of the engine was
calculated from measurements during the afterburning program of total
pressure and temperature at the turbine outlet, gas flow at the turbine
outlet, and from previously determined total-pressure loss across the
standard tall pipe using the charts presented in reference 3:
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Wa. VO

W o o S
Fn, = CVl-:z_S Vn + An(Pn'Poﬂ - Lg— (1)

A value of unity was assumed for the velocity coefficient Cy used in
equation (11) Experimentsl dete indicated that the total-pressure

loss through the sta.nd.ard tall pipe was approximstely 0.01 P at rated '

engine speed.

Augmented net-thrust ratio is defined as

Scale net thrust, Fns

Normsl engine net thrust, Fne

Exhaust-gas total temperature. - The total temperature of the
exhsust ges was calculated from the exhaust-nozzle- outlet total pres-
sure, augmented scale jet thrust, velocity coefficien'b and gas flow
by means of the following equation: _

2 .
1
kN (FCJS) e v - (12)
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APPENDIX B

SYMBOLS

The following symbols are used in the calculations and on the

figures:

A

H =2 P H ®m

0 W

cross-gectional area, sq £t |
thrust scele reading, 1b

velocity coefficient, ratio of scale jet thrust to rake jet
thrust . .

externgl drag of installation, 1b
drag of exhesust-nozzle survey rake, 1b
jet thrust, 1b

net thrust, 1b

fuel-gir ratio

accelerstion due to gravity, 32.2 ft/sec2
totel enthalpy, Btu/lb

lower heating Yalue of fuel,'Btu/lb
Mach number

total pressure, 1b/sq £t absolute
static pressure, 1b/sq ft absolute

gas constant, 53.4 £t-1b/(1b)(°R)

“total temperature, °rR

static temperature, °R
velocity, ft/sec
air flow, 1b/sec

fuel flow, lb/hr

g e



Wf/Fn- specific fuel consumption based on total
thrust, 1b/(hr)(1lb thrust)

Wy gas flow, 1b/sec

Y ratio of specific heat for gases

My combustion efficiency

Subscripts: -

a air

ab afterburner

b base temperature of 540° R

e engine

. fuel

i indicated . - v e

J Jet

n exhaust-nozzle exit

s .scale

X inlet duct at frictionless slip Joint-

0 free-stream condltions

1 engine-inlet duct

2 compressaxr-iniet annulus

5 afterburner inlet (turbine outlet)

8

exhaust naozzle, l§ inches forward of fixed portion of exhaust-

nozzle outlet 8

NACA RM ES1HZ28 .l

fuel flow and net _ ) "

|
g Iééz: i

NET
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Flgure 2. - Cross sectiqn of ergine showing locatlon of mgnmentation.
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Afterburner fuel- Ring diameter Number of Hole dismeter
menifold ripg (in.) injection holes {in.)
A 21 12 0.031
B 163 64 .029
c 143 52 .028

Figure 3. - Cross-section of afterburmner.
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(b) Thrust with and without fuel manifold
coking (all 3 rings).

Figure 4. - Effect of operstion with various fuel-manifold-ring combinations and

fuel manifold coking on afterburner net thrust. Altitude, 40,000 feet; flight
Mach number, 0.52. -
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Altitude Flight Mach
(£t} number
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Figure 5. -« Comparison of date obteined duiing performance cdlidration with dete obtained during

coking study for fuel menifold with a known degree of. coking.
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(c) Exhaust-ges temperature.

Figure 6. - Effect of altltude on variation of afterburner performance parameters with
afterburner fuel-air ratio*at £light Mach number of 0.52.
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(c) BExheust-gas tempersture.

Figure 7. - Effect of flight Mach number on variation of_ afterburner performance
parameters with afterburner fuel-alr ratio at altitude .of 40,000 feet.
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Figure 7. - Concluded. ‘Effect of flight Mach number on variation of afterburner .
© berformance parameters with afterburner fuel-air ratic at altitude of 40,000 feet.
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Figure 8. - Effect of exhaust-gas temperature on variation of afterburner perform-

ance paremeters with altitude at £light Mach number of 0.52.
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Figure 9. - Effect.of exhaust-gas temperature on variation of afterburner perform-

ance parameters with flight Mach number st altitude of 40 ,000 feet.
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Pigure 10. - Varlation of afterburner total-pressure loss with exhaust-gas temperature. -
Tailed symbols indicate afterburner inoperative.
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Figure 11. - Effect of flight condition on afterburner lean blow-out. : o
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